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Introduction
Electrokinetic phenomena scale favourably with miniaturization and offer unique advantages in micro fluidics, such as low hydrodynamic dispersion, no moving parts, electrical actuation and sensing, and easy integration with microelectronics.
Electric field-based approaches are classified depending on the direction of the Electric charge flow that can be unidirectional or Direct current (DC) or can be reversed cyclically or alternating current (AC).
Direct current electrokinetics has a long history of development, being investigated and applied extensively [1] .
However, DC electrokinetics suffers from high voltage operation (several kilovolts) and consequently excessive electrochemical reactions and electrolysis at the electrodes. In the last few years, AC electrokinetics receives increasing research interest as it has demonstrated great potential for microfluidic actuation.
An AC electric field can interact with polarisable particles and fluids to set them into motion, which is known as alternating current electrokinetics ACEK [2, 3] .
The effects of ACEK depend greatly in processes relating to interfacial polarization, electric double layer formation and fluid heating. As a result, three major manipulative phenomena arise: Dielectrophoresis (DEP), AC Electroosmosis (ACEO) and Electrothermal Effects (ETE) [4] . This technique has been studied in great detail for controlled manipulation of particles, binary separation and characterisation of particles [5] [6] [7] [8] . It can be seen that dielectrophoresis velocity is size dependent, and decreases rapidly with the distance to the electrode.
In some cases, AC electro-osmosis and AC electrothermal produce very similar flow patterns, but they are of different origin. AC electro-osmosis [9, 10] arises from the movement of ions in the electric double layer at the electrode/electrolyte interface, producing microflows because of the fluid viscosity. Pioneer work and comprehensive review on AC electro-osmosis can be found in [2, 3, 9, 10] .
So AC electro-osmosis requires both normal and tangential components of electric field at the electrode surface, which leads to the frequency dependency of AC electro-osmosis effect.
At low frequencies, most of the applied voltage drops across the double layer, AC electro-osmosis is important. At high frequencies, electrode charging is negligible and AC electro-osmosis becomes insignificant. Data in [9] also show that AC electro-osmosis is pronounced for frequencies lower than 100 kHz, beyond which its effect is minimal and can be neglected.
AC electro-osmosis velocity and the resulting fluid flow exert a drag force on particles. Therefore AC electro-osmosis can be used to transport particles as well as fluids, and there is no size dependency. Particle manipulation and fluid flow control using AC electro-osmosis have been reported in various forms, such as biased AC electroosmosis [11, 12] , and 3D AC electro-osmosis pump [13, 14] , travelling wave AC electro-osmosis pump [15] , asymmetric electrode AC electro-osmosis pump [16] and particle traps [17] [18] [19] [20] .
However, labs-on-a-chip frequently involves samples with conductivity higher than 0.1 S/m. Biological applications regularly use saline solutions (1-2 S/m). So it is very desirable to develop an electrokinetic technique suitable for conductive fluids, and AC electrothermal effect has shown promise in this aspect [21] [22] [23] [24] [25] .
AC electrothermal arises from non-uniform electric fields and temperature gradients in the fluids, which produces space charges that move under the influence of electric fields and consequently induce microflows. Higher conductivity leads to higher fluid velocity because of increased heat generation and temperature gradients.
Recently, AC electrothermal started to attract research interest again because of its increasing importance in shrinking electrokinetic chips [22] . Further miniaturisation leads to higher energy density being dissipated in the fluid, and the heating source could be external or internal Joule heating [23] . A paper [24] by Gonzalez et al. has studied in great detail the AC electrothermal effect in the presence of a constant external temperature gradient. This paper is dedicated to present numerical simulations and modelling of a system used to mixed a small concentration of a biological analyte with the fluid in a microchannel where a reaction surface is located on the channel walls. The flow velocity perpendicular to the surface is so small that the analyte, which is supposed to bind to an antibody ligand on this surface, is transported mainly by diffusion.
The rate of the binding reaction on the surface is usually large enough to bind practically all analyte molecules appearing there. Thus, the process is said to be transport limited and, in order to increase the reaction rate, the system must increase the transport of molecules to the reaction surface.
Theory

Fluid flow
Ac electrokinetic effect refers to fluid motion induced by temperature gradients in the fluid in the presence of AC electric fields.
When an electric field E is applied over the fluid with electrical conductivity  Joule heating of the fluid will take place according to the energy balance equation:
For microsystems, heat convection is small compared to heat diffusion [2, 3] . So here the temperature equation assumes the simplified form with Joule heating as the energy source. If the field strength E is non-uniform, there will be spatial variation in heat generation, which leads to temperature gradients  T in the fluid.
The electrokinetic forces are easy to control by designing optimum electrode structures and choice of field [26] .
The gradient of temperature in the liquid causes inhomogeneties in the permittivity  and conductivity  of the medium, which give rise to forces causing fluid motion. The body force can be given by [10] :
where  =  / is its charge relaxation time, and  = 2 f is radian frequency. According to Green et al. [22] :
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By substitution, Eq. (2) becomes:
The force induced by a permittivity gradient is the dielectric force and the force induced by a conductivity gradient is the Coulomb force. If  <<  / the force is dominated by the Coulomb force. If   / the force is dominated by the dielectric force.
Fluid flow in the channel follows the NavierStokes equations:
Since we are considering fluid motion in a microsystem, that is, low Reynolds number, the timeaveraged fluid velocity can be found by the simplified N-S equation as:
Together with  u = 0 for incompressible fluid, (7) is later used in numerical simulation to obtain the fluid flow fields in the present AC electrokinetic model.
The electric field
Because the electrothermal force is a timeaveraged entity, it is sufficient to solve the static electric field that corresponds to the root mean square (rms) value of the AC field.
To solve the electrostatics problem, turn to Laplace's equation can be used [27] :
and the constitutive equation
Heat transfer
The generation of the amount of Joule heating in a very small volume could give rise to a temperature increase in the fluid. In order to estimate the temperature rise for a given electrode array, the energy balance equation must be solved [28] :
The power that a unit volume of fluid absorbs through Joule heating is:
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The heat source, Q, appears in the stationary heat balance equation:
where C p denotes the heat capacity.
Convection and diffusion of the analyte
The material balance of the analyte comes from the equation:
where D denotes the diffusion coefficient and R represents the reaction rate. Here R equals zero because no reactions take place in the bulk of the fluid, only on the reaction surface.
The reaction surface contains a total concentration Rt of antibody ligands. The portion of the bonded molecules is the concentration B. The binding rate depends on the analyte concentration on the surface, c, on the concentration of free antibodies, and on the association rate constant k on . Similarly, bonded antibodies dissociate with a rate that depends on the concentration of the bonded ligands and on the dissociation rate constant k off . Therefore, the reaction between immobilized ligand and analyte can be assumed to follow the first order Langmuir adsorption model [29, 30] is:
The reaction rate of the analyte on the surface equals the negative of the binding rate on the surface.
The model assumes that the antibodies do not diffuse on the surface and that there is no leakage of the molecules at the edges of the surface.
Results
First configuration
For the purpose of comparison of the numerical model, the latter was used to predict the flow configuration reported in a recent study by Wu et al. [31] . In this configuration, which is shown in Fig. 1 , an AC electric field is applied to induce Joule heating in microchannel. The induced electrothermal force will generate a vortex field which can lead to a reduction to the thickness of the diffusion layer and hence accelerates the reacting rate and shorten the experimental time.
Parameters such as amplitude of the voltage, the gap between electrodes and the width of electrodes will be varied and the subsequent flow structure will be computed for the same conditions reported by Wu et al. The contribution of our work will be the investigation of the effect of the height of microcantilver and length of the reaction surface on the overall performance of the microchannel. These two effects have not been studies in previous studies.
Fig. 1 General view of 2-D model
The numerical mesh used for the simulations is shown in Fig. 2 where the number of elements is 23586. The comparison of our numerical results with those reported in [31] shows a good agreement as presented in Fig. 3 . This would indicate that the numerical model developed in the present study is suitable for the purpose of this study. 
Effect of the gap between electrodes
Here again, good agreement was obtained by our present results and early results [31] as shown in Fig. 4 . Fig. 4 Concentration of the bonded molecules, (Present results and Ming-Chih Wu results)
Effect of the voltage amplitude
The results represented in Fig. 5 show that the number of adsorbed molecules on the surface increases more rapidly when the voltage of the electrical field is higher than 10 V and for a voltage less than 10 V no change can be noticed. [31] for different voltages. It shows also that increasing the intensity of the voltage positively affect the binding of molecules on the surface reaction in the microchannel. This effect was found to be associated with an increase in the temperature field as shown in Figs. 7 and 8. These findings are similar to results obtained by [31] . Fig. 7 represents the distribution of temperature field computed at the voltage of 25 V. It can be seen that at this voltage, there was an increase in the temperature field to a maximum value of 8 Kelvin.
The comparison between our results and those reported by Wu et al. [31] shown in Fig. 8 shows an acceptable agreement. However, the slight differences noticed specifically in Fig. 8 can be attributed the size of the microchannel geometry in [31] was not mentioned. The effect of the position of the microcantiliver (surface reaction) within the microchannel was investigated. As a new contribution of the present study, the microcantiliver was place at a distance H from the electrodes, and then this distance was reduced to ¾ H, ½ H and ¼ H. For each distance flow structure was simulated.
The numerical results which are represented in Fig. 9 show that the height of the surface reaction plays an important role on the concentration of the bonded molecules. The figure shows that as the distance between the electrodes and the surface reaction decreases, there was an increase in the concentration. This is mainly due to flow and thermal field interaction and the effect of the microchannel geometry on the thermofluids structures. In order to investigate the effect of the width of surface reaction itself, we set the amplitude of voltage to 25 V, the width of electrodes is 60 µm and the gap to 15 micrometers, and we vary the width of reaction surface of 40, 60 µm and 80 µm.
The results presented in Fig. 10 show that the width of reaction surface has an opposite effect for the binding of molecules on the reaction surface in the microchannel. It can be seen neatly from the figure when the width of the reaction surface increases there is a decrease in the concentration. Fig. 10 Concentration of the bonded molecules (in different widths of reaction surface)
Second configuration
The second part of the paper will deal with the flow configuration presented in Fig. 11 . The reaction surface is on the lower wall of the microchannel itself; the two electrodes are located on the upper boundary at same distances of centre of channel. A fluid flows from left to right in the channel. The incoming flow profile is a fully developed laminar flow that is parabolic with zero velocity at the channel walls. An applied electrothermal force creates swirling patterns in the flow at the channel's centre. Fig. 11 Geometry for the second model of microchannel
The two electrodes produce an AC electric field that heats the fluid and creates the electrothermal force. We assume that the electrodes are perfect heat conductors and remain at a constant ambient temperature. At the inlet and the outlet, the temperature gradually approaches the ambient. At all other boundaries the model assumes that the channel is thermally and electrically insulated.
The incoming flow has a small concentration of a biological analyte, which the reaction surface on the upper boundary transports and adsorbs. Any remaining concentration exits the channel with the fluid at the right boundary. Fig. 12 shows the mesh we used for the analysis and it consists of 19963 elements. Fig. 12 The mesh of the microchannel
Influence of the amplitude of voltage
In this second part of the study, the channel geometry was set as: the gap between the electrodes set at 20 µm, the length of the surface reaction 80 µm and the width of the electrode at 60 µm; Then an electrical field was applied with different voltage respectively: 0, 5, 10, 15, 20, and 25 V and numerical simulations were obtained. Fig. 13 shows the flow profile and concentration distribution without any applied electric field. In this case, the flow is laminar and has a parabolic profile. The effect of the reaction surface on the analyte concentration is visible only in the narrow region near the surface.
As shown from the simulations presented in Fig. 14 when an electrical voltage is applied between the electrodes the flow profile becomes far from parabolic: it has two distinct swirls and a narrow region with high flow velocity between the electrodes. Both the flow structure and the concentration field become totally different due to the electrical field applied. Fig. 15 shows the number of adsorbed molecules (the ratio between the total amount and the surface width) on the surface for different electrical voltages (0-25 V). It can be seen that increasing the intensity of the voltage affects positively the binding of molecules on the reaction surface in the microchannel especially after a period ranging from 100 to 450 s of releasing the biologically analyte. 
Effect of the width of electrodes
To investigate the effect of the electrodes width, the gap between the electrodes was set at 20 µm and the length of the surface reaction 40 µm then we change the width of the electrode as 60, 65 and 70 µm for the simulation. Fig. 16 shows that the width of the electrodes does not affect the concentration of binding of molecules on the reaction surface in the microchannel. To study this effect computation were obtained for three values of the width of the reaction surface as 40, 60 and 80 µm. Fig. 18 shows that the width of reaction surface has an opposite effect for the binding of molecules on the reaction surface in the microchannel. As shown before in Fig. 16 , change of electrodes width does not affects the flow structure and the concentration. 
Conclusions
In this study, we have used the AC electrokinetic forces to enhance the Rate of transport of reactants to a reaction surface.
The study in this paper is divided into two parts. In the first part we have rebuilt the model of [31] and we changed many parameters namely: the length of electrodes, the length of space between two electrodes, the voltage of electric current and the length of the reaction surface to see their influence on results, than we compare our results with the results of [31] .
Then our own contribution in this model that has not been studied in [31] is the change of the height of microcantilver and the width of reaction surface to see their influence on results.
In conclusion we find that our results are entirely consistent with the results of [31] with a slight difference that can be explained by the size of the microchannel geometry used in both studies that are not detailed in [31] .
We can say if we change the height of the microcantilver, the concentration of the bonded molecules exchange with a proportional manner and the width of reaction surface have an effect inversely proportional to the results.
In the second part we simulate a different model in which the reaction surface is on the wall of microchannel itself, and we vary the same parameters as in the first case.
In the second study we found almost the same results when we change all the initial parameters, except that if we change the width of surface reaction, because if we Increased the reaction surface at 80 µm and we various the width of electrodes we will have differences in the results.
The change in the width of reaction surface was found to affect the computed flow structure in the microchannel and the reaction rate. Increasing the length of reaction surface has a negative effect on the attachment of molecules on the surface reaction and changing the width of electrodes or the gap between electrodes don't changes the concentration of the bonded molecules like the first case.
